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Zeid Abdullah Alothman b, Mika Sillanpää d,e,**, Ville Kuokkanen f, Monzur A. Imteaz g, 
Saleh Al-Farraj h 

a Department of Chemical and Metallurgical Engineering, Aalto University, Espoo, 00076, Finland 
b Chemistry Department, College of Science, King Saud University, Riyadh, 11451, Saudi Arabia 
c Department of Agricultural Engineering, College of Food Sciences and Agriculture, King Saud University, P.O. Box 2460, Riyadh, 11451, Saudi Arabia 
d Environmental Engineering and Management Research Group, Ton Duc Thang University, Ho Chi Minh City, Viet Nam 
e Faculty of Environment and Labour Safety, Ton Duc Thang University, Ho Chi Minh City, Viet Nam 
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A B S T R A C T   

The effectiveness of bifacial mixed metal-metal organic framework (MOF) anodes for municipal wastewater’s 
photoelectro-catalytic (PEC) treatment has been rarely explored. Herein, pollutants removal efficiency from the 
municipal wastewater and the effect of operational parameters is verified under a visible range of light in a PEC 
system using TiO2–Bi(mixed metal)-MOF and TiO2–Sb(mixed metal)-MOF anodes, respectively. The comparable 
efficiency of pollutant removal from municipal wastewater in the PEC system with TiO2–Bi(mixed metal)-MOF 
anodes is high. At optimum operation parameters, TiO2–Bi(mixed metal)-MOF anodes in the PEC system play a 
positive role in the removal of micropollutants and the disinfection of municipal wastewater. This study reveals 
that PEC treatment of municipal wastewater contributes (35% of relative luminescence inhibition) to toxic 
biproducts.   

1. Introduction 

In recent decades, different types of environmentally malign waste
water are generated in huge volumes (reaching billions of liters per day) 
on a global scale (Linares-Hernández et al., 2009). Most of them contain 
higher levels of chemical oxygen demand (COD), biochemical oxygen 
demand (BOD), and micropollutants. Among them, municipal waste
waters are a major source of macro and micropollutants (pharmaceuti
cals, hormones, and personal care products), and require effective 
measurements for regulation and control (Vineyard et al., 2021). 
Recently, the concentrations of pharmaceuticals found in the aquatic 
environment have significantly increased. The existence of such com
pounds in the wastewater contributes to high COD value, micro
pollutants, and toxicity (Lecomte et al., 2017; Panter et al., 2000). 
Municipal wastewater has been treated using various conventional 

methods. Nowadays, the conventional chemical coagulation method is 
mostly used in water and wastewater treatment plants. The other 
commonly used methods for water and wastewater treatment are 
physical methods (such as filtration, screening, and sedimentation/
flotation), physicochemical methods (such as coagulation, adsorption, 
and ion exchange), various types of biological processes (such as acti
vated sludge processes, trickling filtration, and various types of ponds 
and lagoons), membrane processes (such as reverse osmosis), disinfec
tion methods (such as chlorination, ozonation, or ultraviolet proc), and 
disinfection methods, etc. (AWWA, 1999; Eckenfelder et al., 2009). 
However, municipal wastewater comprises several micro and macro 
pollutants that are difficult to remove using conventional treatment 
methods (Top et al., 2020). Hence, electrochemical methods such as 
electrocoagulation (EC), electroflotation (EF), electro-oxidation (EO), 
and electrodialysis (ED) have recently gained more attention (Chen 
et al., 2000; Särkkä et al., 2015; Kaur, 2019; Kaur et al., 2020; 
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Kuokkanen et al., 2021; Vineyard et al., 2021). The feasibility of the 
aforementioned technologies depends on the application in question, 
and each of them has its advantages and disadvantages. Consequently, 
there is an urgent need for the development of more effective water and 
wastewater treatment methods. 

Photo-electrocatalysis (PEC), an advanced chemical oxidation pro
cess for the degradation of organic pollutants, is light-driven and it 
combines the advantages of both photocatalysis and electrocatalysis 
(Cheng et al., 2019; Collivignarelli et al., 2021). It is an attractive 
alternative method in wastewater treatment due to its high effective
ness, shorter treatment time, low cost, and simplicity (Kiama and Pon
chio, 2021). Furthermore, no chemicals are required for this method, 
which makes PEC a green technology. The synergy of photocatalytic and 
electrochemical processes is visible both from the point of view of the 
photocatalytic process, which increases its efficiency as the bias poten
tial reduces recombination of the photogenerated charges, but also from 
the electrochemical perspective, as depolarizing of the cell is allowed by 
the photogenerated potential on the semiconductor, therefore mini
mizing the costs of the overall process (Cheng et al., 2019; Palmas et al., 
2021). To achieve the required bias potential, a good photo and elec
troactive materials are a necessity. 

TiO2 has been broadly used as a model photocatalyst in photo
catalysis system as it is a cost-effective, non-toxic, and stable semi
conductor (Cheng et al., 2019; Xu et al., 2009). However, the application 
of TiO2 in water treatment is suppressed due to its wide bandgap (3.2 
eV) and rapid photoinduced carrier recombination (Cheng et al., 2019; 
Palmas et al., 2021). To tackle this problem, various TiO2 modifications 
have been investigated (Zhang et al., 2018; Ling et al., 2018). Simulta
neously, another important research target in the literature has been the 
search for the best novel visible light active photocatalysts (Cheng et al., 
2019). The practical approach to rectify the issue is to widen the 
bandgap of TiO2 by adding a metal impurity as an intrinsic impurity into 
the semiconductor’s crystal lattice in the form of a framework. This 
generates an intermediate energy level between the conduction and 
valence bands, providing a location for electron excitation with mini
mum energy consumption and photon requirements, eventually pre
venting rapid electron-hole pair recombination by boosting interfacial 
charge transfer (Lopez et al., 2020). 

In the present study, a set of mixed metals-metal-organic framework 
layered TiO2 electrodes were chosen to drive the PEC under visible light 
(500 nm) (Feng et al., 2019; Zhang et al., 2018; Su et al., 2008). The 
Construction of a heterostructure between metals and semiconductors to 
improve photocarrier separation and inhibit recombination is a partic
ularly effective method among these attempts. Hybridization of metals 
in the form of a framework provides better photo-electrocatalytic effi
ciency than pure metals. Antimony and bismuth have typical properties 
to construct heterojunctions with metals and improve their photo and 
electric catalytic activity (Shi et al., 2019). 

Moreover, Metal-organic frameworks (MOFs) are currently under 
vigorous research, and MOFs along with their derivatives have provided 
a vast amount of new electrode materials. MOFs and MOF-derivatives 

offer a lot of structural flexibility (such as metal nodes, ligands, and 
pore structure) and metal ions with redox activities therefore they have 
a great potential for usage in various energy devices. High energy ca
pacities, greater specific surface areas, low density, and huge internal 
pore volumes distinguish these materials. As a result, in addition to their 
regular uses in chemical sensing and renewable energy, these materials 
have gained huge attention in supercapacitor applications (Tan et al., 
2021; Du et al., 2018; Dubal et al., 2019). Although mixed MOFs have 
also been studied for high-performance hybrid supercapacitors with 
promising results (Han et al., 2021), they are yet to be used as electrodes 
for the PEC process. 

Since, the presence of synergistic effects or more catalytic active 
sites, mixed-metal MOFs frequently outperform parent MOFs. Mixed- 
metal MOFs can be used as an important developing platform for the 
fabrication of novel photoactive and conductive materials. 

This work aims to synthesize working mixed metal (TiO2–Bi-MOF 
and TiO2–Sb-MOF) anodes and then to study the feasibility of the MOF- 
PEC process in the treatment of real municipal wastewater under the 
visible light range (500 nm). The morphology of the mixed metal MOF 
electrodes was examined to study their functioning during the treatment 
process and to prove that their fabrication had been successful. 
Comparative assessment of MOF-anodes to achieve maximum treatment 
efficiency was observed by parametric optimization. Furthermore, 
various parameters of environmental concern were investigated in detail 
using highly efficient anode (TiO2–Bi-MOF) in the PEC system such as 
micropollutants removal, disinfection, and toxicity analysis to release 
the treated wastewater into the open environment. A total of 77 major 
recalcitrant micropollutants removal efficiency was observed along with 
the disinfection efficiency of 23 major phyla present in the municipal 
wastewater. To the best of our knowledge, these types of mixed metal 
MOF electrodes have not been used in the literature earlier to treat 
municipal wastewater. 

2. Materials and methods 

2.1. Chemicals and municipal wastewater 

Benzene-1,3,5-tricarboxylic acid (C6H3(CO2H)3), antimony chloride 
(SbCl3), bismuth chloride (BiCl3), praseodymium chloride (PrCl3), tin 
chloride (SnCl₂), nickel chloride (NiCl₂), N,N-Dimethylformamide, DMF 
(HCON(CH3)2) and ferric oxide (Fe2O3) were purchased from Sigma 
Aldrich. The inflow of the municipal wastewater treatment plant in 
Mikkeli, Finland, was collected for PEC treatment. Samples were 
collected from the same inlet site at the end of every week. The main 
influent of the wastewater plant is municipal sewage and hospital 
wastewater. Detailed physicochemical characterization of the municipal 
wastewater was performed, and average values as presented in Table 1. 

Abbreviations 

MOF Metal-organic framework 
PEC Photoelectro-catalytic 
COD Chemical oxygen demand 
BOD Biochemical oxygen demand 
EO Electro-oxidation 
BET Brunauer–Emmett–Teller 
SSA Specific surface area 
EEC Electrocatalytic Energy Consumption 
CE Current efficiency  

Table 1 
Physicochemical characterization of municipal wastewater.  

Parameters Values 

Average Temperature (
◦

C) 10 
Enterococci (CFU/100 mL) 1.27 × 106 

Escherichia coli (CFU/100 mL) 9.85 × 106 

pH 7.1 
Electrical conductivity(mS) 90.63 
Alkalinity (mmol/L) 5.48 
Total solids (mg/L) 4.78 × 102 

BOD (mg/L) 343 
COD (mg/L) 7.32 × 102 

Nitrogen (N). total (mg/L) 59.04 
Ammonium nitrogen (NH4–N) (mg/L) 46.19 
Phosphorus (P). total(mg/L) 10.78 
Phosphorus (P) (mg/L) 10.12 
Nickel (Ni) (mg/L) 0.01 
Iron (mg/L) 10.79  
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2.2. Preparation of MOF electrodes 

A hydrothermal approach was used to prepare mixed metal MOFs of 
bismuth (Bi) and antimony (Sb). In this regard to prepare Bi-MOF, an 
equimolar concentration (0.008M) of BiCl3 was added into a 2:1 
ethanol: deionized water ratio and mixed with (0.004M) half molar 
concentration of C6H3(CO2H)3. Following sonicating for 30 min, the 
mixture was transferred to a 100 mL Teflon-lined stainless-steel auto
clave and retained at 200 ◦C overnight. Similarly, Sb-MOF was synthe
sized. Furthermore, mixed metals (PrCl3, SnCl2, NiCl2, and Fe2O3) were 
added into a 2:1 ethanol: deionized water ratio along with a half molar 
concentration of C6H3(CO2H)3. The mixture was sonicated for another 
30 min, yielding a dark-colored suspension that was transferred to a 100 
mL Teflon-lined stainless-steel autoclave with synthesized Bi-MOF and 
Sb-MOF separately and maintained at 200 ◦C for overnight in an oven. 
After cooling naturally, the suspension was filtered and washed with 
water and DMF several times. Furthermore, Ti seamless perforated tube 
(165 cm2) purchased from global engineers, in India was used as a base 
material for mixed metal MOF electrode synthesis. An anodization 
method was used for the synthesis of the oxide layer over the surface of 
the Ti plate. Electrochemically a nano-layer of Bi/Sb mixed metal MOF 
was generated over the TiO2 surface at 15V for 30 min and kept in the 
oven for 3 h at 100 ◦C. Lastly, the TiO2–Bi/Sb-mixed metal MOF elec
trodes were obtained by washing them with acetone and deionized 
water successively. 

2.3. Experimental setup and photo electrocatalytic experiments 

The PEC experiments were performed in a circular flexi continuous 
mode photo-electrocatalytic reactor of working volume 1 L under the 
xenon lamp as a visible light source (Fig. 1). A rod shape (height = 3 cm) 
TiO2–Bi/Sb (mixed-metal) MOF electrodes were used as the anode (165 
cm2), and stainless steel (165 cm2) served as the cathode. Anodes and 
cathodes were fixed 1 cm apart from each other. A peristaltic pump was 
used to maintain the flow rate inside the PEC reactor. Potentiostat 
(IVIUM OctoStat5000) on mixed-mode operating conditions was used as 
a power system for the PEC system. To design the experiments for the 
optimization of PEC operational parameters, the range of selected PEC 
operational parameters (elapsed time, voltage, retention time (RT), and 
pH) was decided according to the preliminary study in terms of maxi
mizing the % COD removal. Aliquots were sampled after a fixed interval 
of time for analysis. The PEC experiments were carried out in the same 
reactor using TiO2–Bi-(mixed-metal) MOF and TiO2–Sb-(mixed-metal) 
MOF electrodes as an anode with the same power and light source, 
respectively. The closed reflux method was used to calculate the COD at 
the end of the experiment. The % COD removal at a particular interval of 
time was calculated according to equation (1). 

% CODr =

(
1 − CODt

COD0

)

100 (1)  

Here, subscriptions CODt is a COD at any time (i.e. 10, 20, 30, 40, 50, 60 
…. min) and COD0 is the initial COD of the municipal wastewater. The 
average current efficiency (CE) and energy consumption (EEC) are 
calculated as equations (2) and (3), respectively to treat per liter of the 
municipal wastewater in terms of COD removal. 

Electro Catalytic Energy Consumption(EEC) =

(
CIt

COD0 − CODt

)

106 (2)  

Current efficiency(CE %) = (COD0 − CODt) (3)  

Here, C represents average cell voltage, I represent current (A), and 
COD0 and CODt are the COD values (mg/L) at elapsed time 0 and t, 
respectively. V is the volume of municipal wastewater in the reactor (L) 
and F is the Faraday constant (96487 C/mol). 

The supplementary material (Text S1) describes the analysis of 
municipal wastewater. 

2.4. Electrodes characterization 

2.4.1. Texture analysis 
Brunauer–Emmett–Teller (BET) method using Tristar® II Plus in

strument was employed to determine the specific surface area of the 
electrode material. 

2.4.2. Optical properties 
UV–vis diffuse reflectance spectroscopy (DRS, Cary7000, Varian, 

USA) was used for the investigation of the optical absorption properties 
of the electrodes. 

2.4.3. Structural analysis 
The composition of the MOF-electrodes was analyzed using an X-ray 

diffractometer (XRD, Empyrean series 2 PANalytical X-ray with Co- 
anode at 40 kW, 30 mA). The morphologies and elemental composi
tion of MOF-electrodes were analyzed by Hitachi S-4800 field emission 
scanning electron microscope-Energy dispersive X-ray spectroscopy 
(FESEM-EDS) and the composite lattice and crystal phase was analyzed 
by transmission electron microscope (TEM). HORIBA Jobin Yvon Lab
RAM HR, RAMAN spectroscopy (a green laser with wavelength 514.53 
nm) was used to understand the chemical and molecular interaction. 

2.4.4. Electrochemical analysis 
Cyclic voltammetric analysis was performed using Zahner electro

chemical workstation (Potentiostat-Galvanostat) including CIMPS using 

Fig. 1. Experimental setup of photo electrocatalytic system.  
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a typical three-electrode system. The influence of photons on the cyclic 
volumetry of MOF-electrodes was observed with the CIMPS system 
under the visible range of 500 nm. A carbon electrode was used as the 
reference electrode, stainless steel as a counter electrode, and MOF- 
electrodes as the working electrodes. 

2.4.5. Stability analysis 
Zahner electrochemical workstation was used to study the stability of 

MOF layering by the COLT (coating and laminate testing) model. AC-DC- 
AC surface layer stability and layer quality testing were performed. 

2.5. Toxicity test 

The acute toxicity evolution test was carried out using Vibrio fischeri 
(Sigma Aldrich) as the luminescent bacteria. The experiment was per
formed by mixing fresh bacterial culture and testing solution (1:2) and a 
control blank (ultrapure water). Short-term exposing the samples to 
20 ◦C for 5 min, the bioluminescence intensity was measured by a 
fluorescence spectrophotometer (Thermo Scientific, USA). According to 
three replicates, the acute toxicity was assessed by comparing the rela
tive inhibition (versus the blank control) of light emission. 

3. Results and discussion 

3.1. Characterization 

3.1.1. Texture analysis 
The BET analysis method was implemented to determine the specific 

surface area (SSA) of the scratched layer of Bi/Sb-(mixed metal) MOF 
from the TiO2 base (Table 2). The measured SSA of Bi/Sb-(mixed metal) 
MOF was much higher than the Bi/Sb-MOF. A marked increase in SSA 
was found with Bi-(mixed metal) MOF. Thus, Bi-(mixed metal) MOFs 
with more surface area could be advantageous for the improvement of 
catalytic activity and mass transfer in the photo-electrocatalytic 
reaction. 

3.1.2. Optical properties 
The optical absorption properties of the Bi/Sb-(mixed metal) MOFs 

were explored with the UV–Vis DRS, as shown in Fig. 2(A). It reveals that 
the absorption intensities of Bi/Sb-(mixed metal) MOF were all higher 
than the Bi/Sb-MOF in the visible light region (Fig. S1). Besides, the 
absorption intensities of Bi-(mixed metal) MOF were higher than the Sb- 
(mixed metal) MOF and advantageous for the catalytic activity 
improvement under the range of visible light. 

3.1.3. Structural analysis 
The XRD spectra of synthesized TiO2–Bi/Sb (mixed metal) MOF 

electrodes were examined to identify the phase composition and crys
talline structure (Fig. 2(B)). The TiO2 peaks were observed at 25.31◦ and 
63.31◦ (JCPDS No. 21–1272). The separate peaks for Bi in the XRD 
spectrum of TiO2–Bi (mixed metal) MOF electrode were not prominent 
because of its low concentration and/or the probable overlapping of 
peaks after MOF formation. However, very few and small Bi peaks were 
evident at 27.7◦, 40.48◦, and 46.36◦ (JCPDS No. 76–1730). In the case of 
TiO2–Sb-(mixed metal) MOF electrodes very low-intensity Sb peaks 

were identified at 46.29◦, 49.33◦, 54.67◦,55.94◦,58.89◦, and 59.69◦

(JCPDS No. 11–0689). Individual peaks of the Pr were not found in both 
cases, a merged peak of Pr was identified at 57.48◦or 57.70◦ along with 
Pr(OH)3 peak at 13.61◦ in TiO2–Bi (mixed metal) MOF electrodes 
spectrum, in line with previous results (Gazulla et al., 2019). A merged 
peak of oxides of Sn, Fe, and Ni was observed at 57.48◦ or 57.70◦ (JCPDS 
No. 14–1445); 43.90◦, 61.66◦ and 90.28◦, as also depicted by (Kaze
minezhad and Mosivand, 2014); 43.88◦, 46.2◦, 57.4◦ and 61.66◦ (JCPDS 
No. 22–1189), respectively. The presence of sharp XRD peaks depicts the 
crystalline structure of synthesized MOFs. 

SEM-EDS was used to assess the morphology of TiO2–Bi/Sb (mixed 
metal) MOF electrodes. Fig. 3(A and B) and (C, D) illustrated the for
mation of a uniform framework of TiO2–Bi-(Sn-Pr-Ni-FeO) MOF and 
TiO2–Sb-(Sn-Pr-Ni-FeO) MOF, respectively. The MOFs were well layered 
over the TiO2 surface. The uniform coating is clearly visible in Fig. 3(A) 
and (C). As shown in Fig. 3(B) Bi (mixed metal) MOF was highly ordered 
spherical shaped randomly aligned over the TiO2 surface. The diameter 
of the Bi (mixed metal) MOF (spherical shaped) was ranging from 400 to 
920 nm. Nevertheless, Sb-(mixed metal) MOF shows a uniform but 
irregularly structured layer over the surface of TiO2 (Fig. 3(D)). Table 3 
summarizes the results of the element analysis of the fabricated elec
trodes conducted by EDS mapping. To determine the element distribu
tion of heterostructures, the EDS elemental mapping method was also 
adopted (Figs. S2 and S3). A uniform distribution of MOF layers over the 
surface of TiO2 was visible. Moreover, oxygen was found to be distrib
uted in a circular pattern owing to the structure of MOF, and scattered 
oxygen may come from some oxygen-enriched species hanging on the 
MOF layers. The EDS elemental mapping further confirms the successful 
fabrication of MOF electrodes and, uniform distribution along with high 
crystallinity of mixed metal MOF layer over the TiO2 surface. The 
diffraction peaks with high crystallinity in the XRD pattern are pertinent 
to the EDS mapping. The Raman spectra of Bi-(mixed metal) MOF and 
Sb-(mixed metal) MOF reveals the bond vibrations and structural defects 
induction into the MOF’s lattice (Fig. S4). The peak intensity at 1359 
cm−1 represents the bond vibration of Ni–O whereas peaks nearly 100- 
300 cm−1 confirm the bond vibration of Bi-MOF (Nguyen et al., 2020). 
The case of the Sb-MOF peaks ranging from 400 to 500 cm−1 shows 
vibration in the favor of defects and incorporation of heteroatoms into 
the ordered lattice of Sb-MOF (Shishido et al., 2000). SnO2 bond vi
brations (638 cm−1) are also observed during the RAMAN analysis. 
Altogether XRD, EDS analysis, and RAMAN results show the high degree 
of incorporation of hetero-metals into the defined lattice of MOFs. 

A series of successively enlarged TEM images were used to investi
gate the morphology of the TiO2–Bi/Sb (mixed metal) heterostructure 
MOF electrodes, illustrated in Fig. 4. A layer has been scratched from the 
surface of the TiO2 plate for TEM analysis. On the partially enlarged 
TEM images, both Bi-(mixed metal) MOF and Sb-(mixed metal) MOF 
had a spherical shape. Moreover, HR-TEM images (Fig. 4(C)) revealed 
that the Sb-(mixed metal) MOF forms a dense layer or a sheet over the 
TiO2 surface. 

3.1.4. Electrochemical analysis 
Electrochemical analysis was performed by cyclic voltammetric 

comparison of Bi-(mixed metal) MOF and Sb-(mixed metal) MOF in the 
absence and presence of visible light (500 nm) with the potential range 
from −1 to +1 at the scan rate of 20 mVs-1 starting in an anodic direction 
in 1M NaOH. It was observed that the Bi-(mixed metal) MOF response 
represents an oxidation process with a higher potential range of +0.5V 
but it comes to widen under the influence of photoelectrons and holes. A 
similar effect was observed in the reduction process (Fig. 5(A) and C). 
On the other hand, Sb-(mixed metal) MOF shows an oxidation peak of 
nearly 0.75V by reversing the potential scan reduction peak was 
observed approaching -1V. However, under the influence of photo
electrons and holes, the oxidation peak was not much affected, but the 
reduction peak starts shifted towards −0.25V (Fig. 5(B) and D). It was 
concluded from the cyclic voltammetric analysis that reversibility is 

Table 2 
BET analysis of Bi/Sb (mixed metal) MOF and Bi/Sb MOF.  

Sample Specific surface 
area (m2/g) 

Pore Volume 
(cm3/g) 

Pore Size 
(nm) 

Sb-(mixed metal) MOF 
(Scratched layer) 

4.39 1.07 × 10−2 9.75 

Sb-MOF 0.02 6.5 × 10−5 21.45 
Bi-(mixed metal) MOF 

(Scratched layer) 
2.79 × 102 1.8 × 10−3 2.57 

Bi-MOF 0.80 1.3 × 10−3 6.56  
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important for the fast electron transfer kinetics and a similar trend was 
also observed under the influence of photons. 

3.1.5. Stability analysis 
The electrochemical testing of MOF layers was performed to provide 

electrochemical stress to the electrode by using script COLT control (AC- 
DC-AC). The layer quality was measured by the means of impendence, 
layer capacity, loss angle, and polarization at rest potential. Fig. S5 (A 
and B) shows the impedance curve fitting with COLT defined model for 
layer stability testing. It proved a good correlation between the model 
and observed impedance values and confirms good layer stability of 
MOF electrodes. Furthermore, to determine the surface stability, the 
impedance at rest potential was measured subsequently after 2 min of 
subsequent polarization phase electric stress was applied (-2V), and once 
again impendence was measured at new rest potential (frequency 10Hz- 
100KHz). In the case of the surface, stable observed data shows a good 

correlation with model values of impendence for both the MOF elec
trodes (Fig. S5 (C and D)). Therefore, from the stability analysis, it was 
proved that fabricated MOF electrodes were electrochemically stable for 
PEC experiments. 

3.2. Photo-electrocatalytic degradation of municipal wastewater and 
optimization of process parameters 

3.2.1. Effect of pH 
pH is one of the key parameters that affect the efficiency of photo- 

electrocatalysis in wastewater treatment. The effect of wastewater pH 
varied from 2.5 to 10.5 for the COD removal of municipal wastewater 
was investigated, using TiO2–Bi-(mixed metal) MOF and TiO2–Sb 
(mixed metal) MOF electrodes. The experiments were run in triplicate 
and the averaged values were plotted and presented in graphs (Fig. S6). 
When the initial pH was 5.5, the COD removal after 180 min was 90.41% 
(TiO2–Bi-(mixed metal) MOF) and 80.82% (TiO2–Sb-(mixed metal) 
MOF) and when the pH was 7.5, the COD removal after 180 min was 
reduced to 75% and 70%, respectively. 

When the initial pH was 10.5 and 3.5 only 33.50% and 59.30% of 
COD were removed by TiO2–Bi-(mixed metal) MOF respectively. Simi
larly, in the case of TiO2–Sb-(mixed metal) MOF electrodes, 20.15% and 
51.79% COD removal were observed when the initial pH was 10.5 and 
3.5, respectively. As illustrated in Fig. S6, maximum COD removal was 
observed in both electrodes (anode) at pH 5.5. These results show that 
the physical and chemical properties of metal oxides have appreciable 
effects on the optimum pH and photo-electrocatalysis processes during 
the wastewater treatment process (Liu et al., 2016; Wang et al., 2014). 
Comparatively, at pH 5.5, TiO2–Bi-(mixed metal) MOF electrodes pro
vided the highest COD removal (90.41%) than TiO2–Sb-(mixed metal) 
MOF electrodes (80.82%). A slightly acidic environment of the cell ac
celerates the formation of •OH radicals and promotes the organic matter 
removal process. However, it was concluded that basic pH hinders the 
excitement of electrons from the semiconductor to make excited elec
trons and holes. However, the photoelectric-degradation efficiency was 
reduced due to the highly acidic pH. Acidic pH also affects the photo
catalytic properties of metal oxide by cathodic displacement (Jing et al., 
2010; Özcan et al., 2017). 

3.2.2. Effect of voltage 
Voltage is a key component in PEC processes as it controls electron 

Fig. 2. (A) UV-DRS spectra of the Bi-(mixed metal) MOF and Sb-(mixed metal) MOF, (B) XRD diffractograms for the TiO2–Bi-(mixed metal) MOF and TiO2–Sb- 
(mixed metal)MOF electrodes. 

Fig. 3. SEM micrographs (A) Bi-(mixed metal) MOF layer electrochemically 
generated over the surface of TiO2, (B) Magnified image of Bi-(mixed metal) 
MOF layer over the surface of TiO2, (C) Sb-(mixed metal) MOF layer electro
chemically generated over the surface of TiO2, and (D) Magnified image of Sb- 
(mixed metal) MOF layer over the surface of TiO2 

Table 3 
Elemental analysis of TiO2–Bi/Sb (mixed metal) MOF electrodes by EDS.  

Electrode’s Elements O Ti Fe Sn Sb Pr Ni Bi 

TiO2–Bi (mixed metal) MOF Weight % 46.51 47.86 3.06 1.04 - 0.51 0.35 0.67 
Atomic % 72.33 24.09 2.67 0.43 - 0.18 0.14 0.16 

TiO2–Sb (mixed metal) MOF Weight % 63.77 26.07 3.94 3.12 2.58 0.38 0.14 – 
Atomic % 85.68 11.68 1.52 0.56 0.45 0.06 0.05 –  
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transfer and HO⋅ generation (Maharana et al., 2015). Therefore, the COD 
removal through PEC from municipal wastewater by the synthesized 
bifacial (mixed metal) MOFs electrodes was investigated at varied 
voltage values (1–3V). There was a sudden increase in the COD removal 
as the voltage increased from 1 to 2V (Fig. 6(A)). Since, an increase in 
voltage speed up the electron transfer and accelerates the formation of 

active species (Zhang et al., 2020). This not only promotes the % COD 
removal but also led to less energy consumption (Fig. 6(B)). Neverthe
less, as the voltage continued to increase, the rate of COD removal 
decreased instead of increasing. This could be explained by the fact that 
side reactions of oxygen evolution are more obvious at higher voltages 
(Liu et al., 2019; Dai et al., 2016). In fact, it was observed that at higher 

Fig. 4. TEM micrographs (A, B) Magnified image of Bi-(mixed metal) MOF (C,D) Magnified image of Sb-(mixed metal) MOF.  

Fig. 5. Cyclic voltammetric analysis of (A) Bi-(mixed metal) MOF electrode (B)Sb-(mixed metal) MOF electrode (C) Bi-(mixed metal) MOF electrode under the 
influence of visible light (500 nm) (D) Sb-(mixed metal) MOF electrode under the influence of visible light (500 nm). 
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voltage (3V) lots of bubbles formed on the surface of the electrode. The 
mass transfer of organics would be alleviated by these bubbles, ulti
mately reducing COD removal. Moreover, reverse reaction •OH radicals 
in the presence of excess H2O2 and dimerization of •OH radicals might 
constrain the accessibility of •OH radicals for reaction with organics 
(Ouarda et al., 2020). In addition, an increase in the cell voltage pro
motes high energy consumption and the side reaction of oxygen evolu
tion. When the voltage increased from 2 to 3V, electrical energy 
consumption was increased from 0.30 to 0.41 kWh/Kg COD removed 
and from 0.35 to 0.54 kWh/Kg COD removed in the case of 
TiO2–Bi-(mixed metal) MOF and TiO2–Sb-(mixed metal) MOF elec
trodes, respectively (Fig. 6(B)). As a result, an optimized voltage was 2V 
at pH 5 with minimum electrical energy consumption of 0.30 kWh/Kg 
COD removed with TiO2–Bi-(mixed metal) MOF) and 0.35 kWh/Kg COD 
removed with TiO2–Sb-(mixed metal) MOF electrodes. As a result, at the 
optimized voltage and pH (Fig. 7(A)), the current efficiency sharply 
increased from 3.24% to 94.11% and 3.24%–84.13% for TiO2–Bi-(mixed 
metal) MOF and TiO2–Sb-(mixed metal) MOF electrodes, respectively. 
This implies that during the PEC reaction at optimized voltage and pH, 
cell voltage fully contributes to the degradation of pollutants in 
municipal wastewater. 

3.2.3. Effect of retention time 
Fig. 7(B) illustrates that the COD removal increases with increasing 

RT. However, COD was marginally affected for all RTs more than 250 
min. In the case of TiO2–Bi-(mixed metal) MOF and TiO2–Sb-(mixed 
metal) MOF electrodes this trend was observed true at the elapsed time 
> 155 min and > 165 min respectively (Figs. S7 and S8). Furthermore, at 
a lower RT value (<250 min), increasing elapsed time value always 
increases the COD removal. However, for all RT > 250 min (TiO2–Bi- 
(mixed metal) MOF), increasing elapsed time up to 150 min increases 

the COD removal and it was nearly unaffected for RT > 250 min. 
Therefore, the observed steady-state elapsed time for TiO2–Bi-(mixed 
metal) MOF electrodes was obtained at 155 min of elapsed time with an 
optimized RT is 260 min (Fig. S7). A similar trend was followed in the 
case of TiO2–Sb-(mixed metal) MOF electrodes for COD removal, where 
increasing the RT up to 160 min sharply increases COD removal. 
Increasing elapsed time beyond 165 min had a marginal effect on COD 
removal (Fig. S8). However, for RT > 250 min, when increasing elapsed 
time above 160 min, the COD removal remains nearly unaffected. 
Therefore, the observed steady-state elapsed time for TiO2–Bi-(mixed 
metal) MOF electrodes was obtained at 165 min of elapsed time with 
optimized RT being 270 min (Fig. S8). 

3.3. Micropollutants removal at optimized operational parameters 

The LC/MS analysis was performed to investigate the micro
pollutants degradation efficiency along with other municipal waste
water pollutants. The major micropollutants and organic pollutants 
found in the Mikkeli municipal wastewater are presented in Table S1. 
These micropollutants are not supposed to be treated with traditional 
wastewater treatment plants. The initial concentration of micro
pollutants and the reduction in the concentration were mostly above 
90% at the optimized operational parameters of the PEC treatment 
process, which is a very promising result. It has been observed that the 
PEC process was not effective for the removal of bendroflumethiazide 
and bezafibrate micropollutants and their concentrations in the waste
water were very low i.e. <0.40; 0.28, respectively. The molecular 
formulae of bendroflumethiazide (C15H14F3N3O4S2) and bezafibrate 
(C19H20ClNO4) show the presence of fluorine and chlorine in their 
respective molecular structures. This proves that PEC treatment under 
the visible range is not effective to break the structure of this kind of 

Fig. 6. (A)COD Removal by TiO2–Bi/Sb-(mixed metal) MOF electrodes at pH 5.5 (at different cell potentials) (B) Energy consumed by TiO2–Bi/Sb-(mixed metal) 
MOF electrodes at pH 5.5 (different cell potentials) to remove per Kg of COD from the municipal wastewater. 

Fig. 7. (A) Current efficiency of TiO2–Bi/Sb-(mixed metal) MOF electrodes at optimized pH (5.5) and voltage (2V) (B) Steady-state elapsed time for TiO2–Bi/Sb- 
(mixed metal) MOF electrodes and its effect on the %COD removal with an increase of retention time. 
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micropollutant. This might be because of the stability of the benzene 
ring with the halogens, removing the electron from this type of structure 
needs high activation energy, which is not possible by the PEC treatment 
method under visible range. Few micropollutants containing halogens 
and benzene possibly degraded with visible light-assisted PEC treatment 
in the present investigation. Furthermore, a deep investigation is 
required to study the degradation possibility of halogen-attached ben
zene ring structured micropollutants by PEC treatment methods under 
UV and visible range of light. 

3.4. Disinfection 

Municipal wastewater consists of a huge amount of non-culturable 
microbial cells therefore PCR was performed to investigate the poten
tial presence of these microbes in the municipal wastewater before and 
after PEC treatment at optimized operational conditions. The effect of 
PEC treatment was observed on DNA base pair count before and after 
treatment as shown in Table 4. The number of base pair counts for a 
particular phylum was reduced with the increase of elapsed time at 
optimized operational parameters. It is a fact that generated •OH radi
cals and other oxidants directly affect the DNA of the microbes, ulti
mately causing cell destruction (Gogniat and Dukan, 2007). The overall 
cell death and DNA destruction were observed based on base-pair count 
before and after PEC treatment using TiO2–Bi-(mixed metal) MOF 
electrodes. PCR analysis exhibits that after 180 min of PEC treatment at 
1.5V anode potential, genome base pairs of the bacterial phyla indicator 
decreased by 70%. Inclusively, the disinfection study proves that the 
PEC process was very effective for the disinfection of real municipal 
wastewater. 

3.5. Toxicity test 

Advanced oxidation processes as a method to degrade refractory 
organic compounds are effective for reducing risk to the environment by 
oxidizing/reducing refractory organic compounds to harmless inorganic 
end-products. Nevertheless, the degradation of refractory organic com
pounds does not always limit ecological risks. Therefore, some gener
ated transformants during the treatment process can be more toxic or 
harmful as compared to their parent compounds (Da Rosa et al., 2019; 
Da Silva et al., 2016). In this study, toxicity during the degradation of 

municipal wastewater was evaluated by monitoring the biolumines
cence intensity of luminescent bacteria over time. As shown in Fig. 8 the 
luminescence inhibition was increased from 43.6% to 58.7% in 60 min 
and further decreased to 35.34% within 120 min, likely because of the 
formation of toxic transformants. Hence, after PEC treatment of waste
water, environmental risk can be minimized by conducting a toxicity 
assessment. 

4. Conclusions 

In this work, we have uniformly synthesized a mixed metal MOF 
layer on the surface of TiO2 (TiO2–Bi/Sb-(mixed metal) MOF) via elec
trochemical deposition. Novel TiO2–Bi-(mixed metal) and TiO2–Sb- 
(mixed metal) MOF electrodes were used for performing potentiostatic 
PEC treatment of real municipal wastewater under visible irradiation 
(500 nm). We have observed for the first time that the mixed metals with 
the MOF significantly enhanced the visible irradiation absorbance (500 
nm ~ Sunlight) and increased the PEC efficiency under ambient con
ditions. Moreover, the electrochemical stability of a mixed metal MOF 
layer on the surface of TiO2 is quite good. The observed impedance 
values, confirm good layer stability of MOF electrodes. The separation of 
photo-generated electron/hole pairs at the MOF-TiO2 interface was 
ascribed to the novel PEC property of mixed metal MOF electrodes. A 
comparative study between the TiO2–Bi-(mixed metal) MOF and 
TiO2–Sb-(mixed metal) MOF electrodes for the degradation of municipal 
wastewater proves TiO2–Bi-(mixed metal) MOF electrode provided 
better separation of the photo-generated electron/hole pairs. It was 
observed that at the potential higher than 1.5V and up to 2V, combined 
electrocatalytic and photocatalytic reactions lead to the synergetic 
degradation of macro and micropollutants of the municipal wastewater 
along with the disinfection of the microbes. It is also observed for the 
first time that halogen-benzene structured micropollutants are hard to 
degrade using PEC treatment under a visible range of light. In the PEC 
treatment of municipal wastewater, some toxic byproducts were also 
generated. The current approach and synthesis of mixed metal MOF 
electrodes provide a route to the intense research interest in materials 
for PEC with enhanced photoactivity under visible irradiation for real 
environmental applications, lowered energy consumption, and green/ 
clean technology. Consequently, the present work also exhibits a good 
potential of MOF electrodes with solar energy usage PEC system for a 
sustainable and low-carbon society. 

Table 4 
Disinfection study based on base pair count before and after PEC treatment.  

Phylum Base pair 
count 
(Initial) 

Base pair count (After PEC 
treatment with Bi-(mixed 
metal)-MOF 

Disinfection 
(%) 

Firmicutes 12521 3724 70.26 
Proteobacteria 4569 1681 63.20 
Bacteroidetes 6223 3476 44.14 
Actinobacteria 3032 1485 51.03 
Acidobacteria 2110 1006 52.32 
Aegiribacteria 1212 847 30.09 
Armatimonadetes 1209 442 63.41 
Synergistetes 624 416 33.29 
Chloroflexi 525 387 26.30 
Atribacteria 416 208 50.07 
Hydrogenedentes 301 192 36.30 
Calditrichaeota 260 91 65.18 
Cloacimonetes 189 93 51.02 
Euryarchaeota 172 117 32.03 
Marinimicrobia 102 61 39.99 
Thermotogae 73 58 20.43 
Tenericutes 67 56 16.77 
Spirochaetes 58 41 28.76 
Epsilonbacteraeota 43 36 15.32 
Patescibacteria 41 16 60.29 
Planctomycetes 32 18 45.09 
Caldiserica 29 13 54.28 
WS1 26 10 61.56  

Fig. 8. Acute toxicity during the PEC treatment of municipal wastewater by the 
luminescence inhibition testing. 
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Zboril, R., Fischer, R.A., 2019. Metal–organic framework (MOF) derived electrodes 
with robust and fast lithium storage for Li-ion hybrid capacitors. Adv. Funct. Mater. 
29 (19), 1900532. 

Eckenfelder, W.W., Ford, D.L., Englande, A.J., 2009. Industrial Water Quality. McGraw- 
Hill Education. 

Feng, J., Tian, Y., Okoth, O.K., Cheng, L., Zhang, J., 2019. Liquid phase deposition of 
nickel-doped ZnO film with enhanced visible light photoelectrocatalytic activity. 
J. Electrochem. Soc. 166 (14), H685. 

Gazulla, M.F., Ventura, M.J., Andreu, C., Gilabert, J., Orduña, M., Rodrigo, M., 2019. 
Praseodymium oxides. Complete characterization by determining oxygen content. 
Microchem. J. 148, 291–298. 

Gogniat, G., Dukan, S., 2007. TiO2 photocatalysis causes DNA damage via Fenton 
reaction-generated hydroxyl radicals during the recovery period. Appl. Environ. 
Microbiol. 73 (23), 7740–7743. 

Han, Y., Zhou, J., Wang, L., Xing, L., Xue, Z., Jiao, Y., Pang, Y., 2021. Redox-active 
nanostructure electrode of Mn/Ni bimetal organic frameworks anchoring on multi- 
walled carbon nanotubes for advanced supercapacitor. J. Electroanal. Chem. 882, 
114993. 

Jing, F., Zhang, Y., Luo, S., Chu, W., Qian, W., 2010. Nano-size MZnAl (M= Cu, Co, Ni) 
metal oxides obtained by combining hydrothermal synthesis with urea homogeneous 
precipitation procedures. Appl. Clay Sci. 48 (1–2), 203–207. 

Kaur, P., 2019. Treatment of Textile Effluent by Electrochemical Methods. Thapar 
University. Doctoral thesis. http://hdl.handle.net/10266/5472. 
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